Abstract. In this research, the component method implementation for determination of the rotational stiffness of timber-steel connection is shown. Component method is one of the most commonly used methods for determination of the bending moment-rotation relation which later may be used in the practical analysis of the connection. The component method is not widely used for the analysis of the semi-rigid timber connections. There are only several investigations previously done on the component method implementation for the timber connections and most of them are based on only one basic component, i.e. timber compression or glued-in steel rod in tension. This article presents a new investigation of rotational stiffness determination algorithm of the semi-rigid timber-steel connection, which is based on the component method. The component method's mechanical model of the connection combines all components which have influence on the rotational stiffness of the connection. The analysed timber-steel connection is subjected to pure bending. Stiffness coefficients of the steel part components are determined according to the Eurocode 3: design of steel structures Part 1-8: Design of joints. The timber part components are derived from the full-scale laboratory experiments and finite element modelling results, presented in the previous publications of the authors. The presented rotational stiffness determination results are well in line with the experimental and finite element modelling results, published in the previous publications.
Introduction
The evaluation of actual behaviour of the connection is significant important while the structure of connection mostly determines the cross-section dimensions of the whole element. Almost all connections in timber structures may be treated as semi-rigid with a certain rotational stiffness. Semi-rigid connections in timber structures are distinguished because of relatively low modulus of elasticity of timber, comparing with steel material and loose initial deformation modulus, if analysing traditional dowel-type timber connections. The rotational stiffness of the connection has high influence on the distribution of bending moments and displacements of the analysed frame. The concept of timber connection design is oriented to the plastic behaviour, rather than brittle, with an aim that plastic deformations would be reached before failure (Bruehl et al. 2011; Jorissen, Fragiacomo 2011; Malo et al. 2011; Malesza et al. 2017) .
The behaviour of the semi-rigid connection is characterized by bending moment-rotation M ϕ curve. This relation may be determined by different methods: laboratory experiments; numerical modelling or mechanical methods, such as component method. The determination of connection's rotational stiffness based on full-scale experiments are performed for large screw-bolts (Komatsu et al. 2008 (Komatsu et al. , 2012 ; glued-in rods (Wakashima et al. 2010) and for dowel type fasteners (Awaludin, Smittakorn 2004; Awaludin et al. 2007) . These methods are expensive and very time-consuming so mostly used for validation of the theoretical methods, such as component method.
Component method is one of the most commonly used methods for determination of the moment resistance and rotational stiffness of the connection. Component method enables determination of the moment resistance M j,Rd , and initial rotational stiffness S j,ini . This method is widely implemented for H-type semi-rigid steel beam-tobeam, beam-to-column and column-to-foundation joints (Faella et al. 2000; Del Savio et al. 2009; Diaz et al. 2011; Kurejkova, Wald 2017) . Component method is normally used for joints subjected to bending moment but there are some extensions of the component method which evaluate bending moment and axial force interaction (Urbonas, Daniūnas 2006; Daniūnas, Urbonas 2008) . Component method combines all components affecting the moment resistance and rotational stiffness of the connection.
As it was mentioned before, component method is not widely used for calculations of semi-rigid timber connections. Although almost all timber connections should be treated as semi-rigid, European timber structures design code Eurocode 5 (EN 1995 (EN -1-1 2004 does not provide any methods for determination of the rotational stiffness of the connection. The previous investigations, done in the analysis of semi-rigid timber connections, mostly were focused on only one basic component in the connection: timber compression at various directions to the grain (Wald et al. 2000; Jirka, Mikes 2010; Descamps et al. 2006) ; glued-in rod tension (Xu et al. 2012) or dowel in bending (Awaludin, Smittakorn 2004) . Also there are investigations done analysing complicated timber connections when several basic timber and steel components are combined using component method. Authors investigate timber-steel connections with glued-in steel rods and using component method theoretically determines the bending moment-rotation relation (Yang et al. 2016) .
Further in this article the rotational stiffness determination is shown for the semi-rigid timber-steel connection using component method. The presented stiffness coefficient equations of each component are well in line with the laboratory experiment results and finite element modelling, presented in the previous publications of authors (Gečys, Daniūnas 2013; Gečys et al. 2015) . The moment resistance of the analysed connection is assumed according to the previous publication .
Rotational stiffness determination using the component method
The structure of analysed semi-rigid timber-steel connection with mechanical model, showing basic components, is shown in Figure 1 . Semi-rigid timber-steel connection is composed of glued laminated timber elements (position 1 according to Fig. 1 ), T-shaped welded steel details (position 2 according to Fig. 1 ). The gap between welded steel detail and timber element is filled with cement based filler (position 5 according Fig. 1 ) in order to ensure the initial contact between glued laminated timber element and steel detail. The structure of the analysed connection is described in detail in the previous publications of authors (Gečys, Daniūnas 2013; Gečys et al. 2015) . The basic components for the analysed connection are:
-end-plate in bending in the tension zone of the connection (k epb ); -bolts in tension (k bt ); -steel plate in tension (k spt ); -end-plate in bending caused by the tension, including timber compression in the tension zone of the connection (k ept ); -timber in tension (k tt ); -timber in shear, in the tension zone of the connection (k ts ); -steel plate in compression (k spc ); -end-plate bending caused by the compression, including timber compression in the compressive zone of the connection (k epc ).
Two different types of components may be distinguished according to the behaviour: elastic-plastic which have influence on both, moment resistance and rotational stiffness and rigid, which do influence only moment resistance.
The rotational stiffness S j of the analysed connection is determined according to EN 1993 EN -1-8 (2005 :
( 1) The Eqn (1) may be transformed for the connection in which several different materials are interacting:
where k i is the stiffness coefficient for basic joints component i; z is the lever arm; µ is the stiffness ratio S j,ini /S j ; E i is the modulus of elasticity of component i.
For the end-plate connections with two or more boltrows in tension, the basic components related to all of these bolt-rows should be represented by a single equivalent stiffness coefficient k eq determined by EN 1993 EN -1-8 (2005 :
where h r is the distance between bolt-row r and the centre of compression; k eff,r is the effective stiffness coefficient for bolt-row r; z eq is the equivalent lever arm, which is determined by:
The initial rotational stiffness S j,ini is determined using the Eqn (2) with ratio
This ratio µ =(S j,ini / S j ) for the semi-rigid steel joints is assumed equal to 1.0 when the bending moment , ,
; where M j,Rd is the moment resistance of the joint. This equation shows that linear-elastic bending moment and rotation relation is assumed when the moment value is less than 2/3 M j,Rd . When the bending moment value exceeds the value of 2/3 M j,Rd , the stiffness ratio is determined by ( ) , ,
, where ψ is the coefficient with a value of 2.7-3.1, depending on the type of connection, according to EN 1993 EN -1-8 (2005 .
Stiffness coefficients of basic components
In this section the stiffness coefficient values of each basic component will be discussed. Steel part components mostly determined according to EN 1993-1-8 (2005) and Faella et al. (2000) . The timber part stiffness coefficient values are derived from the laboratory experiments and finite element modelling results presented in the previous publications (Gečys, Daniūnas 2013; Gečys et al. 2015) .
Stiffness coefficient k epb
The end-plate in bending, in the tension zone of the connection is analysed as separate T-stub element, assuming it as stiffened column flange. The implementation of the stiffened column flange for the end-plate bolted steel plate is shown in Figure 2 .
The stiffness coefficient k epb is determined according to EN 1993 EN -1-8 (2005 :
where l eff is the smallest of effective lengths (individually or as part of a bolt group) for analysed bolt-row; t p is the thickness of end-plate, as shown in Figure 2 ; m is the distance as shown in Figure 2 . Stiffness coefficient k bt The stiffness coefficient of the steel bolts subjected to tension is determined according to EN 1993 EN -1-8 (2005 :
where A s is the sum cross section of single bolt-row bolts; L b is the bolt elongation length.
Stiffness coefficients k spt and k spc The stiffness coefficient of the steel plate subjected to tension or compression is determined according to:
where A pl is the cross section area of the longitudinal steel plate subjected to tension or compression; L pl is the length between end-plates. The determination of the welded steel detail's longitudinal plate stiffness coefficient is based on the classical mechanics where the main issue is to determine the elongation length L pl , as it is shown in Figure 3 . The elongation of such longitudinal steel plate is determined according to the finite element modelling results. It was determined that the effective steel length where longitudinal deformations arise is equal to 0.9L pl . This value reasonable represents the modelling results. 
Stiffness coefficients k ept and k epc
The stiffness coefficient of the steel plate subjected to tension or compression is determined according to the stiffness coefficient of the end-plate in bending, which is anchored into timber element, is calculated using the same methods which are developed for the concrete in compression, according to EN 1993 EN -1-8 (2005 . The equation is transformed by changing the modulus of elasticity of concrete with modulus of elasticity of timber E T :
where E T is the modulus of elasticity of timber; E s is the modulus of elasticity of steel; b eff and l eff are the effective width and length of timber in compression, as shown in 
Stiffness coefficient k tt
Tension deformation distribution is shown in the Figure 5 . Timber subjected to tension, stiffness coefficient is calculated according:
where A tt is the timber cross section subjected to tension, t g,pl is the thickness of the end-plate, t fil is the thickness of filler material. In Figure 5 the effective length l tt is the total distance of timber elongation in the tight contact zone. 
Calculation results using component method and comparison with laboratory experiments and finite element modelling
Calculations of the semi-rigid timber-steel connection rotational stiffness are presented using the above developed component method. Dimensions of the analysed connection are shown in Figure 6 which fully correspond with the connection previously investigated experimentally (Gečys, Daniūnas 2013) and by finite element modelling . The theoretical moment resistance of the connection is M j,R,comp = 54.5 kNm, according to the publication . The theoretically determined initial rotational stiffness of the connection, provided in Figure 6 (Joint 1), is S j,ini,comp = 7120 kNm/rad. Also, 6 Joints are investigated using component method, changing the end-plate thickness from basic value 20 mm to 10 mm, as it is shown in Figure 6 . The component method used for calculation of the connection is explained in detail in Chapter 2. The initial stiffness values of each basic component of the connection are graphically depicted in Figure 7 . While the analysed timber-steel connection consists of timber and steel components, values of each component stiffness coefficient are multiplied with modulus of elasticity of each component, provided in Figure 7 .
After determination of the initial rotational stiffness S j,ini,comp , the rotational stiffness of the connection S j,comp should be determined which represent the moment-rotation relation up to the design moment resistance M j,Rd . Figure 8 shows different moment-rotation curves, representing different elastic ranges of the moment resistance (2/3 M j,Rd and 2/5 M j,Rd ) and different values of coefficient ψ . The curve A shows the moment-rotation curve based on the method provided for semi-rigid steel joints. Analysing semi-rigid beam-to-beam or beam-to-column steel joints, the initial rotational stiffness is assumed when The developed rotational stiffness determination algorithm is implemented for the calculations of the analysed connection. The aim of these calculations is to show the rotational stiffness change while changing the embedded T-shaped end-plate thickness. 6 different end-plate thicknesses were taken for the calculation. Figure 10 shows the moment resistance and rotational stiffness change, while changing the end-plate thickness. Also, the failure mode is different at different thickness of plate. While changing the end-plate thickness from 20 mm to 14 mm, the moment resistance does not change while the determining parameter in bending capacity calculation is timber shear which has no relation with endplate thickness. The rotational stiffness decrease by 7.8% when the end-plate thickness is changed from 20 mm to 14 mm. Taking the end-plate thickness equal to 12 mm and less, the failure mode changes from timber shear, to the failure caused by timber compression and steel yield in the tight contact zone between timber and steel. The initial rotational stiffness S j,ini,comp decreases by 12.2% comparing connections with 20 mm and 12 mm end-plate thicknesses.
The initial rotational stiffness of the analysed connection consists of several basic components, previously discussed. Figure 10 shows the influence of each component on the initial rotational stiffness at the level of loading up to 40% from maximum load, which is in the elastic range. It is obvious that for joints with relatively thick end-plate, the greatest influence on the rotational stiffness is because of the steel plate tension (k spt ) and compression (k spc ). Decreasing the end-plate thickness, the determining parameter is end-plate bending caused by the compression (k epc ) or tension (k ept ), including timber compressive or tension zone of the connection. Figure 11 clearly shows that changing the end-plate thickness there is possibility to reach the corresponding rotational stiffness value of the connection. The corresponding rotational stiffness of the connection is necessary for the optimal design of the timber frame elements.
Conclusions
This paper presents a new investigation based on extension of component method used for semi-rigid steel joints. The extension of the component method is used for determination of initial rotational stiffness of the semi-rigid timber-steel connection which is combined of both, timber and steel components. The novelty of the research is summarized in conclusions providing the proposed joint type coefficient value and newly proposed stiffness coefficient expressions. Further main conclusions may be depicted:
1. The extended component method, used for the analysis of semi-rigid steel connections, may be used for the determination of rotational stiffness of the analysed timber-steel connection. The theoretically determined initial rotational stiffness of the connection is 20.3% higher than the experimental results. To reach better compliance between theoretical and experimental results, the further investigation may be done focusing on the stiffness coefficient of timber shear, while this component was assumed as rigid. 2. The comparison between experimental, finite element modelling and theoretical calculation results shows that the elastic range of the connection is up to the value 2/5 M j,Rd . The proposed value of the joint coefficient 1.1 ψ = reasonably represent the behaviour of the connection in the elastic-plastic range, when the bending moment value is above 2/5 M j,Rd . 3. The steel plate subjected to tension or compression (k spt and k spc ) are adjusted using classic mechanics theory clarifying the effective length for elongation or shortening. The stiffness coefficient of end-plate bending (k ept and k epc ), caused by tension, is determined by implementing the equation which is pro- vided for the T-shaped equivalent element in steel joints. The new equation for determination of stiffness coefficient of timber subjected to tension (k tt ) is provided. 4. Component method rotational stiffness calculation results performed using different end-plate thicknesses, show that the most decisive components for the rotational stiffness are steel plate tension (k spt ) or compression (k spc ). For connections with relatively small end-plate thickness, the greatest impact is caused by the end-plate bending, conditioned by the compression (k epc ) or tension (k ept ), including timber compressive or tension zone deformations of the connection.
